Abstract Near-field (NF) terahertz (THz) time-domain spectroscopy (TDS) is an excellent tool for direct studies of THz electromagnetic resonances occurring on a micrometre scale. Micro-resonators are at the heart of numerous promising THz sensing and detecting solutions, including the metamaterial approach available through functional materials constructed from pre-designed resonant micrometresized 'meta-atoms'. Experimental studies of individual micrometre-scale THz resonances are essential, yet extremely challenging for the common far-field spectroscopic methods due to extreme sensitivity requirements. NF THz spectroscopy and microscopy are non-contact techniques for spectroscopic studies of individual micro-resonators and mapping the field patterns of THz resonant modes excited in individual conductive or insulating micro-objects. They give access to essential parameters of micro-resonators, including their resonance frequency, local field enhancement and quality factors. It allows for material and structural characterisation of micro-objects. Using the example of carbon micro-fibres, we show the advantages of NF THz TDS for non-contact THz conductivity probing and direct observation of the fundamental and the third-order surface-plasmon resonance modes in conductive THz micro-resonators.
Introduction
To advance terahertz (THz) technology for security applications, including the detection of explosives and drugs through their distinctive THz and mid-infrared 'signatures' [1] , it is essential to develop efficient THz sensors. Extreme sensitivity can be achieved in resonant systems. Micrometre-sized objects, made of con-ductive materials, exhibit sharp resonant response at THz frequencies. They can be used as individual sensors or macro-scale sensing devices, based on metamaterials -artificial structures made of pre-designed resonant 'meta-atoms'.
It is essential to experimentally study and characterise individual microresonators. However, common far-field THz spectroscopic techniques cannot access the micrometre-scale resonances due to low sensitivity. We demonstrate the successful use of the near-field THz time-domain spectroscopy (NF THz TDS) for direct experimental characterisation of individual dielectric and conductive microresonators [Khr1].
Through NF THz TDS, we show that at THz frequencies, carbon micro-fibres (CMFs) [Pon1] exhibit pronounced surface-plasmon resonances. The NF THz TDS allows for non-contact conductive material characterisation in micrometresized objects, crucial for the practical development of resonance-based devices for the emerging THz technology for security applications.
NF THz TDS for individual micro-objects
In our experiments, individual micro-resonators (CMFs) are attached to a thin low-density polyethylene (LDPE) film pulled over a sample-holder frame. They are excited by a linearly-polarised broadband THz pulse (0.5-2.5 THz) generated in a ZnTe nonlinear crystal through optical excitation. The experiments were performed at 22±1 o C. The enhanced near-field induced in the micro-resonators is detected by photoconductive antenna covered by a metallic screen with a subwavelength aperture [Knab1, Mac1]. We use two different probes with 5 μm and 10μm square aperture. Moving the time-delay stage (Fig 1) , we perform the near-field spectroscopy in the time-domain. 
Surface-plasmon resonances in THz micro-resonators
Carbon micro-fibres (CMFs) are milled and chemically-treated carbon fibres of essentially graphitic structure [Pon1] (see Fig 2) produced and supplied by STC of Applied Nanotechnologies. They are 7 μm in diameter and their lengths vary between 30-300 μm. Depending on the fabrication procedure, the DC resistivity of similar unmilled carbon fibers is of the order of 10 μΩ×m [Chun1] and is strongly depends on temperature [Spain1]. The plasma frequency of graphite in the conductive plane lies significantly above the THz region [Tart1, John1] and corresponds to carrier density on the order of 10 #$ cm 3 . Given their high conductivity and dimensions comparable to half-wavelength of the working THz range, CMFs can be considered as half-wave dipole resonators at THz frequencies [Schel1, Barn1]. We performed NF THz TDS on CMFs of different lengths, and were able to detect surface-plasmon resonances (dimensional resonances of induced current) of different modal orders ([Khr1, Mit1]). In the employed setup, the detected signal is proportional to the gradient ' / of the field induced between the conductive CMF and the detector metallic plane of the THz detector as shown in Fig 1 (a) [Khr1, Muek1]. As a consequence, when mapping the field of the fundamental resonance mode of a CMF, the maximum signal is measured at the centre of the CMF rather than at its edges. Figure 2 shows the maps of the detected THz field obtained through raster scanning the sample with respect to the probe aperture. Figure 2 (a) shows the map of the detected signal at its highest peak (fixed time delay at 1.65 ps after the arrival of the main pulse) for a 133 μm-long CMF. This image corresponds to the fundamental surface-plasmon resonance mode of the CMF -half-a-cycle oscillation of the induced current propagating along the structure. Figure 2 (b,c) shows the maps of the signal detected behind a 207 μm-long CMF at 1 ps and 1.27 ps after the arrival of the THz pulse. These maps reflect the detection of a third-order surface-plasmon resonance mode -three halves of the induced current oscillation along the CMFs' length.
Non-contact conductivity probing via NF THz TDS
While it is possible to get a rough estimate of the average conductivity of a CMF composite via far-field spectroscopic methods, directly measuring the conductivity of a single CMF is a non-trivial task. Through NF THz TDS, we were able to probe the material properties of individual CMFs in a non-contact way.
To access this information about the CMFs' constituent material, we studied the peak amplitude of the enhanced near-field as well resonance frequencies of the fundamental surface-plasmon resonance mode of the CMFs. Both of the two parameters are highly influenced by both the material properties of the resonator and the electromagnetic properties of the environment, including the substrate and the metallic probe effects.
We used full-wave numerical simulations in CST Microwave Studio to predict and separate these effects. The numerical model included the realistic physical parameters of the experimental THz set-up, including the near-field aperture-based THz probe. Figure 3 shows the coloured maps of the enhancement factor (amplitude peak of the detected field normalised to the incident field probed by the THz antenna) and the resonance frequency of the fundamental surface-plasmon resonance. Each colour band represents numerical data obtained for a certain band of CMF conductivity values. Plotting the experimental data against such maps allowed us to estimate the conductivity value corresponding to each of the individual CMFs. We found that the conductivity of the CMFs is 10 / − 10 1 S/m. As the conductivity increases, the areas become narrower. Thus, the proposed method works best for 'weakly' conductive materials, such as doped semiconductors and semimetals.
Substrate-induced resonance frequency shift in CMFs
The resonance frequency of the surface-plasmon resonances in CMFs are extremely sensitive to the dielectric properties of the surrounding material: we observed how the 12.5 μm-thick polyethylene substrate with dielectric permittivity ε 345 = 2.5 shifted the resonance frequency of the CMF fundamental resonance mode by 30% as compared to the numerically predicted value for an equal, but freestanding CMF (Fig. 4) . The substrate-induced frequency shift is due to electric field localisation in the immediate vicinity of the CMFs and can be estimated as a factor of 2/(1 + ε DEFG ). Such behaviour can be utilised for sensing applications, in particular, for probing the dielectric permittivity of substances on a micrometre scale.
Conclusion
Studying THz resonant micro-objects in the near-field provides a deep insight into the electromagnetic properties of individual resonators functioning on versatile physical principles. NF THz TDS is an excellent experimental platform for detecting and observing the excitation and evolution of surface-plasmon resonance modes in conductive micro-resonators. We applied this technique to CMFs of different length and observed the excitation of the fundamental as well as the thirdorder resonance mode.
We demonstrate that NF THz TDS is a promising non-contact method for probing the electric conductivity of individual conductive resonators. The method works best for 'weakly' conductive materials as compared to metals: we successfully measured the conductivity of 10 / − 10 1 S/m in individual CMFs. It is extremely difficult to perform analogous experiments in the far field using conventional THz TDS systems: assuming their typical beam spot size is approximately 1 mm in diameter, the presence of a 100 μm-long CMF would only manifest itself in a mere ≈1.5% intensity dip in transmitted field at the resonance frequency.
We also show that the near-field response of conductive micro-resonators is highly dependent on the environment. We found that the resonance peak of the fundamental and the third-order surface-plasmon resonance mode in conductive CMFs is shifted by the polyethylene substrate by approximately 30%, confirming the sensitivity of CMFs towards the dielectric properties of surrounding materials. This finding can be useful for THz sensing applications.
